Abstract A laponite RD clay-based Fe nanocomposite (Fe-Lap-RD) has been synthesized by the so-called pillaring technique. The X-ray diffraction (XRD) results reveal that the Fe-Lap-RD mainly consists of Fe 2 O 3 (maghemite) crystallites and Fe 2 SiO 10 (OH) 2 (iron silicate hydroxide) crystallites. The photo-catalytic activity of the Fe-Lap-RD for the degradation of an organic azo dye Orange II is examined. It is found that the rate of mineralization of Orange II is slower than that of discoloration. Under optimal conditions, 100% color and 70% total organic carbon (TOC) of 0.2 mM Orange II can be removed in 45 and 90 minutes, respectively. In addition, the performance of a strongly acidic type of ion exchange resin based catalyst as a heterogeneous photo-Fenton catalyst for the degradation of salicylic acid is also discussed.
Introduction
In the last one and a half decades, the Fenton and photochemically assisted Fenton reactions have been studied extensively and considered as an effective method for the degradation of many organic compounds in wastewater treatment (Faust and Höigne, 1990; Pignatello, 1992; Kiwi and Pulgarin, 1994; Hoffmann et al., 1995; Oliveros et al., 1997; Lei et al., 1998; Kang et al., 1999) . Traditionally, the photo-assisted Fenton reaction is conducted homogeneously by irradiating a solution containing Fe 3+ or Fe 2+ ions and H 2 O 2 . The decomposition of H 2 O 2 in an acidic media is catalyzed by the oxidation of Fe 2+ to Fe 3+ , which subsequently photo-reduced back to Fe 2+ . The radicals formed, including the .OH, are responsible for effecting the degradation of organic compounds in the wastewater.
However, the Fe ions in the solution will produce sludge after the photo-assisted Fenton reaction, thus necessitating the removal of the sludge -a processing step that is very costly. To overcome these drawbacks, several attempts have been made in the development of the heterogeneous photo-assisted Fenton process (Fernandez et al., 1998 (Fernandez et al., , 1999 (Fernandez et al., , 2000 Li Puma and Yue, 2000) . For example, Fernandez et al. (Fernandez et al., 1998 investigated the photo-assisted Fenton degradation of a non-biodegradable azo dye (Orange II) and found that the degradation could be effectively catalyzed in the presence of H 2 O 2 by a Nafion cation-transfer membrane exchanged with Fe ions. However, the Nafion films or pellets based catalysts would be costly for use in large-scale wastewater treatment applications. There is therefore an incentive to find a suitable catalyst support that has similar functions to the Nafion film or pellet but is much cheaper.
Pillared clays are low-cost materials and have been used in adsorption processes and as catalyst supports (Pinnavaia, 1983; Birch, 1988; Mitchel, 1990; Zhu and Lu, 2001) . When a pillared clay is dispersed in water, it swells significantly because of hydration of the interlamellae cations that act as counterions to balance the negative charges of the clay layers. Inorganic polycations in aqueous solutions can be intercalated into the interlayer gallery by cation exchange. Subsequent heating converts the intercalated polycations to oxide pillars that prop the clay layer apart. Because various oxides can be intercalated as pillars, pillaring has also become a well-established technique for the synthesis of porous materials. Clay, such as laponite, has very small platelets that are 20-30 nm in diameter. Fe 2 O 3 can be read-ily intercalated as pillars. Hence, it is possible to prepare a clay-based composite containing nano-sized Fe 2 O 3 .
In the present work, we synthesized a novel clay-based Fe nanocomposite using the pillaring technique. The nanocomposite catalyst was characterized by x-ray diffraction (XRD) and x-ray reflective fluorescence (XRF). The effectiveness of the Fe nanocomposite as a heterogeneous catalyst in the photo-assisted Fenton degradation of Orange II was studied.
Experimental methods
The clay used for this study was the laponite RD pillared clay. The laponite RD clay-based Fe nanocomposite was synthesized by a reaction of an iron salt with a dispersion of laponite RD clay. Sodium carbonate was added into a vigorously stirred 0.2 M solution of iron nitrate to give a molar ratio of 1:1 in [Na + ]/ [Fe 3+ ]. The solution obtained was then added into an aqueous dispersion of laponite RD clay (2g laponite RD clay/100 mL H 2 O). The ratio of iron cations to clay was 11 mmole [Fe 3+ ] per gram of clay. The suspension was stirred for 2 hours, followed by ageing at 100°C in an autoclave for two days. The precipitate was recovered from the mixture by centrifuging, washed with deionized water and dried in air. The dried solid was calcined at 350°C for 20 hours and the Fe nanocomposite was obtained and will be called Fe-Lap-RD in this paper.
X-ray powder diffraction measurement of the Fe-Lap-RD was conducted on a Philips PW1830 powder diffractometer equipped with Cu Kα radiation operating at 40 kV and 20 mA. Fe mass concentration in the Fe-Lap-RD was determined by x-ray reflective fluorescence (XRF). Specific surface area and pore volume were determined by BET analysis. A JOEL 2010 TEM was used for the observation of the Fe-Lap-RD.
The effectiveness of the Fe-Lap-RD for the degradation of Orange II was examined in the presence of H 2 O 2 and UV light at optimized conditions. The photo reactor used was cylindrical, with one UVC light tube (Philips, 8W 254 nm) inserted in the centre. Compressed air was bubbled from the bottom of the reactor at a flow rate of 1,500 mL/min, so that a good suspension of the Fe-Lap-RD catalyst in the 0.2 mM Orange II solution at an initial solution pH of 3.0 was established. The total volume of Orange II solution was 1.8 liter and the initial Orange II concentration used was 0.2 mM. The time when the UV light was turned on and H 2 O 2 was added to the solution was taken as the starting point of the reaction. The experiments were carried out at 20°C.
To monitor the discoloration of the Orange II solution, the absorbance of 0.2 mM Orange II in solution at 486 nm as versus time was measured by a UV-vis spectrometer (Shimadzu, UV mini 1240). The Fe ion concentration in the solution versus time was measured by an Inductively Coupled Plasma (ICP) (Perkin Elmer Optima 3000 XL). The total organic carbon (TOC) of the reaction solution was measured using a Shimadzu 500 instrument equipped with an auto-sampler.
Results and discussion
Characterization of the Fe-Lap-RD catalyst Figure 1 depicts the XRD pattern of the Fe-Lap-RD (curve a, before reaction). The diffraction peaks at 2θ = 35.7, 63.0, 30.2, 35.7 and 57.4 are assigned to the Fe 2 O 3 crystallite (maghemite) with a tetragonal structure while the diffraction peaks at 2θ = 19.5, 60.9, and 28.0 are assigned to be Fe 2 Si 4 O 10 (OH) 2 crystallite (iron silicate hydroxide) with a monoclinic structure. It is believed that the Fe-Lap-RD mainly consists of Fe 2 O 3 and Fe 2 Si 4 O 10 (OH) 2 crystallites. The Fe mass concentration in the Fe-Lap-RD was determined by XRF to be 27.3% by weight. The specific surface area and total pore volume of the Fe-Lap-RD by BET analysis were 472 m 2 /g and 0.547 cm 3 /g, respectively. TEM analysis showed the particle size of the Fe-Lap-RD to be 20-200 nm.
Effectiveness of Fe-Lap-RD catalyst Figure 2 shows absorbance of 0.2 mM Orange II in solution at 486 nm as a function of time under different conditions. Without Fe-Lap-RD and H 2 O 2 , and with only 1 X 8W UVC (curve 1), the discoloration of Orange II is very slow because the direct photolysis of Orange II is limited. Without H 2 O 2 , but with Fe-Lap-RD and 1 X 8W UVC (curve 2), the discoloration of Orange II occurred in the first five minutes, and then became very slow. The fast but limited discoloration within the first five minutes is most probably due to the adsorption of Orange II on the catalyst. The adsorption process quickly reached equilibrium as the catalyst's adsorption capacity is small. Further discoloration could not be achieved by the oxidation of Orange II using oxygen as oxidant even in the presence of FeLap-RD catalyst and UVC light. Without Fe-Lap-RD, but with 9.6 mM H 2 O 2 and 1X 8W UVC (curve 3), the discoloration of Orange II is significant. The discoloration was due to the oxidation of Orange II by OH radicals from the photolysis of H 2 O 2 in the presence of P.L. Yue et al.
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Figure 1 XRD patterns of Fe-Lap-RD before and after 4 × 1.5 h reaction Figure 2 Absorbance at 486 nm of 0.2 mM Orange II solution with an initial solution pH = 3.0 as a function of time under different conditions. Curves: (1) without Fe-Lap-RD and H 2 O 2 , only with 1 X 8W UVC, (2) without H 2 O 2 , but with 1.0 g Fe-Lap-RD/L and 1 X 8W UVC, (3) without Fe-Lap-RD, but with 9.6 mM H 2 O 2 and 1 X 8W UVC, (4) without any UV light (dark), but with 1.0 g Fe-Lap-RD/L, 9.6 mM H 2 O 2 , (5) with 1.0 g Fe-Lap-RD/L, 9.6 mM H 2 O 2 , and 1 X 8W UVC, (6) with 3 mg Fe 3+ /L, 9.6 mM H 2 O 2 , and 1 X 8W UVC UVC, a known photolytic oxidation process. With 1.0 g Fe-Lap-RD/L and 9.6 mM H 2 O 2 but without UV radiation (curve 4), the discoloration of Orange II is similar to that shown in curve 2, thus confirming that fast adsorption in the first five minutes is responsible for the initial discoloration. Further discoloration of Orange II after 45 minutes could be attributed to the dark Fenton reaction occurred in the presence of 1.0 g Fe-Lap-RD/L and H 2 O 2 . When 1.0 g Fe-Lap-RD/L was used in the presence of 9.6 mM H 2 O 2 and 1 X 8W UVC (curve 5), a much faster discoloration of Orange II was observed. Complete discoloration of Orange II was achieved in less than 45 minutes.
The Fe ion concentration in the solution was measured versus by ICP and the results are shown in Figure 3 . It was observed that the Fe ion concentration increases initially from 0 to a peak value (about 3 mg/L) at about 45 minutes, followed by a continuous decrease. At the end of each run, the Fe ion concentration in solution is less than 1 mg/L, implying that there is a minute quantity of Fe ions leaching out from the Fe-Lap-RD.
To evaluate the contribution of Fe-Lap-RD to the fast discoloration of Orange II, the photo-assisted Fenton degradation of Orange II in the presence of 3 mg Fe 3+ /L was conducted homogeneously and the result is also shown in Figure 2 (curve 6). A comparison between curves 5 and 6 clearly shows that the discoloration of Orange II in the presence of 1.0 g Fe-Lap-RD/L and 9.6 mM H 2 O 2 (heterogeneous case) is much faster than that caused by the homogeneous photo-Fenton reaction using 3 mg Fe 3+ /L. We conclude that the fast discoloration of Orange II observed is primarily due to the reaction of the Fenton catalyst Fe-Lap-RD with H 2 O 2 .
The TOC of 0.2 mM Orange II under conditions described in Figure 2 was also studied. Our results clearly indicate that at optimal conditions (1.0 g Fe-Lap-RD/L, 9.6 mM H 2 O 2 and 1 X 8W UVC), the TOC removal up to 70% TOC was removed after 90 minutes.
Effectiveness of strongly acidic ion exchange resin based Fe catalyst (SAIER-Fe 3+ )
In addition to Fe-Lap-RD, a strongly acidic ion exchange resin based Fe catalyst (SAIERFe 3+ ) was prepared by a typical ion exchange reaction. The choice of SAIER is owing to the fact the sulfonic groups on the surface can anchor Fe 3+ ions, which can act as catalyst for photo-Fenton reaction. The Fe mass concentration of SAIER-Fe 3+ catalyst was determined to be 6.80 wt% by ICP. The effectiveness of SAIER-Fe 3+ catalyst was examined for the degradation of salicylic acid (SA) in the presence of H 2 O 2 and UVC. The SA concentration used was 100 mg/L, and [H 2 O 2 ]/[SA] was kept at a fixed molar ratio of 20. HPLC was employed to measure the SA concentration in solution. Figure 4 shows the SA concentration as a function of time under different conditions.
As can be seen from the data shown in Figure 4 , only with 2 X 8W UVC (curve 1), SA is P.L. Yue et al.
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